Roadway networks represent a unique type of drainage area, encompassing hundreds of miles (kilometers) of linear stretches of paved surfaces that frequently cross watershed boundaries, streams and sensitive water bodies. Runoff from this land use category contains a variety of pollutants such as sediments, trace metals, hydrocarbons and nutrients. As mandated by the United States Clean Water Act and other environmental regulations, state transportation agencies are required to implement control measures to comply with the allocation of allowable pollutant loads that are established by the total maximum daily loads (TMDL) requirements. Adapting a technically sound methodology for watershed modeling is the key to providing reliable estimates of pollutant loads from highway runoff.
may not be appropriate for watershed assessment of the highway network; 2. Most studies place emphasis on the impervious road surface, rather than the entire rights-of-way (ROW) land use and roadside vegetated pervious areas; 3. Water quality data of highway runoff are not typically employed for calibrating TMDL models because calibration is based on the observed in-stream data, from which it may not be possible to segregate the sources and the contributing runoff from different land uses; 4. Most studies ignore the significance of flow pathways connecting highway drainage to receiving streams; and 5. Uncertainty associated with propagation errors is not considered by TMDL models. To address some of these shortcomings (namely 2, 3 and 4), this chapter presents a computational algorithm for determining the hydrologic connectivity between roadway ROWs and receiving streams. The methodology is further extended to quantify the relative proportion of runoff and pollutant loads originating from roadway ROWs discharging into receiving streams or ditches. The concept of probabilistic volume-to-breakthrough (Hairsine et al., 2002 ) is revised and implemented on a GIS platform to identify different flow pathways, allowing subsequent computational procedures to be implemented on Microsoft Excel spreadsheets. The approach also considers the uncertainty associated with propagation errors that have not been attempted by previous TMDL models.
Methodology
The probabilistic volume-to-breakthrough (PVbt) concept was described by Hairsine et al. (2002) as a way to obtain runoff volume that is required to flow through its flow pathway and produce appreciable discharges at the downslope boundary. This breakthrough volume accounts for water losses due to infiltration through overland flow and depression storage, and in transit between the upper and lower boundaries along the flow pathway. Flow paths may include direct connection between road segments and stream crossings, incised flow between road drainage outlets and the stream, and diffuse overland flow on road surfaces across slopes (Wemple et al., 1996; Croke et al., 1999; Hairsine et al., 2002; Bracken et al., 2004; Eastaugh et al., 2008) .
The application of PVbt to determine storm runoff and pollutant discharges from forested roads was reported by Australian researchers (Lane et al., 2006; Takken et al., 2008; Eastaugh et al., 2008; Thompson et al., 2009 ).
Their results indicate that the variance of road-to-stream connectivity depends on factors such as watershed topography, road placement, drainage spacing along the roadway, and road and drainage density. Eastaugh et al. (2008) provided a procedure to quantify the hydrologic connectivity for individual road segments and the road network as a whole by explicitly considering both the uncertainty of connectivity in terms of confidence limits, and the potential impacts of road segments that may or may not be hydrologically connected to the stream network.
According to Hairsine et al. (2002) , the mean volume of overland flow required for a runoff plume to reach a standard distance of 5 m from the road edge (V bt5 ) and its variance (σ Vbt5 2 ) can be employed to predict the mean length of the overland flow plume (l pred ) and its variance (σ l 2 ) for any given discharge (V out ) at the road edge:
The mean volume of surface flow at a distance (x) downslope of the road edge (V x ) and its variance (σ Vx 2 ) are given as:
The road-to-stream connectivity (ψ) can be defined as the ratio of runoff volume reaching the stream network (V X ) to the runoff volume originating from the roadway ROW (V out ):
where the subscript X indicates the actual length of the diffuse pathway starting from the road edge to the receiving stream or channel. In Equation 2.5, V out can be estimated using appropriate hydrologic methods (e.g. Schueler, 1987) or with the aid of field monitoring. Our approach includes the entire roadway ROWs and, therefore, is different from the work by Eastaugh et al. (2008) . Three different cases can be used to illustrate the application of the road-to-stream connectivity as given by Equation 2.5.
Case A: ψ =1 for directly connected road segments with streams In this case, road segments are directly connected to a stream network via concentrated flow such as flow through pipes, ditches or channels, or via overland flow travelling a short distance to a stream crossing. The road-to-stream connectivity is assumed to be unity because of minimal losses of runoff in pipe flow, along overland slopes, or at the cut-and-fill roadway or stream crossing.
Case B: 0 < ψ < 1 for diffusely connected road segments with streams In this case, roadway runoff travels over pervious areas as overland flow prior to discharging to crossing streams. The mean runoff volume reaching a stream will be a fraction of V out (i.e. ψV out ).
Case C: ψ =0 for diffusely connected road segments This is the case when the predicted length of a flow plume is equal to or less than the actual length (X) of the diffuse pathway. There will be no mean runoff volume reaching a stream.
Whether or not the flow is expected to reach a stream, the absolute and relative uncertainties associated with error propagation are, respectively:
where z is associated with a desired level of confidence. For instance, the z value of 1.645 yields a 95% confidence interval about the mean. The absolute uncertainty would attain its maximum value, ε X = ±zσ VX when V X = 0 (i.e. V out = V bt5 * X / 5) and will remain unchanged even if V out increases. However, the relative uncertainty will be reduced as V out increases. Based on Equations 2.1 to 2.6, Meng (2012) derived the runoff volume originating from a single road segment and reaching the stream network by incorporating uncertainty considerations as follows:
V X = V out for directly connected segment when ψ = 1; V X = (V out − V bt5 * X / 5) + ε X for diffusely connected segment when 0 < ψ < 1; V X = 0 + ε X for diffused connected segment when ψ = 0 with lpred = X (i.e. V out = V bt5 * X / 5); and V X = 0 + (2ε lpred − ε X ) for diffusely connected segment when ψ = 0 with 0.5X < lpred < X. That is, the predicted flow plume relative to V out lies between 0.5X and X. The predicted total runoff from the entire road network reaching the stream network can then be determined as the sum of the predicted runoff from each road segment, based on different flow pathways as explained above. The uncertainty associated with total runoff can also be estimated in terms of error propagation theories. As such, stormwater runoff from the roadway land use of the entire road network can be assessed to inform transportation agencies for implementing stormwater management and TMDL requirements within their jurisdictions.
The computational procedures for determining the overall road-tostream hydrologic connectivity are (see Figure 2 .1):
1. Delineate catchment areas for highway stormwater and measurement of flow pathways by performing terrain pre-processing and field survey; 2. Apply road characteristic attributes of the existing road centerline GIS shape file to determine drainage area and impervious percentage; 3. Estimate runoff volumes originating from roadway land use of each road segment; 4. Determine V bt5 through field experiments, hydrologic methods, or from literature values with appropriate adjustment to fit local climatic and hydrogeological conditions; and 5. Calculate road runoff reaching streams and its associated uncertainty. 
Results and Discussion
Road-to-stream hydrologic analysis was performed on the road network within the Lake Orange watershed in Orange County, North Carolina (Figure 2.2) . This 26.7 mi 2 (17 114 acre, 69.57 km 2 ) rural watershed includes 231 acre (93.9 ha) state owned roadway land use with 49.2% impervious pavement. The total road length is approximately 47 mi (75.6 km) and the road density is 1.75 mi/mi 2 (1.01 km/km 2 ). Data input include daily precipitation (2004) (2005) (2006) (2007) , drainage area and imperviousness coverage of individual road segments, drainage pattern information and lengths of overland flow pathways, and V bt5 values. Relevant data was retrieved from the Orange County high resolution Lidar based digital elevation model (DEM) with a grid spacing of 20 ft x 20 ft (6.1 m x 6.1 m); the HU0302 high resolution watershed boundary dataset and National Hydrography Dataset (NHD, also known as NHDinGEO), containing rivers and streams (NHD flow line), lakes and big ponds (NHD waterbody), and twelve digit watershed boundary data; and road characteristics ArcGIS layer (road centerline shape file). Figure 2.4 above shows that the road-to-stream hydrologic connectivity is dependent on rainfall. The connectivity will increase as rainfall increases. The overall hydrologic connectivity of the road network to the stream network in the Lake Orange watershed was found to be 0.32 ±0.14, ranging from 0.23 to 0.86.
Conclusion
This research has developed a computational algorithm for determining the hydrologic connectivity between roadway ROWs and receiving streams, and the stormwater runoff reaching the stream network from the entire roadway land use at watershed scale. The algorithm takes into consideration the uncertainty of runoff volumes reaching the receiving stream as it is affected by the amount of runoff volumes originating from roadway drainage. Research will be continued to integrate this hydrologic algorithm to a water quality model. The final product will include the hydrologic and water quality modules for implementing TMDL calculations for highway runoff.
